Introduction
Currently, the United States is one of the biggest fuel ethanol producers in the world. The industry is rapidly growing; however, the relatively poor overall gains in energy require research to continually improve the technology. One aspect that warrants studies for improvement is the pretreatment process where huge amount of energy is used. Previous studies have shown that using ultrasonics is a potential pretreatment process that could enhance the production of fermentable sugars for fermentation .
Two consequential effects of ultrasonication of corn slurry, e. g. cavitation and acoustic streaming, are considered as beneficial to the improvement of ethanol production. Ultrasound is defined as sound waves at a frequency above the upper range of the normal human hearing (>15-20 kHz). When ultrasound waves propagate through a liquid medium, these cause oscillations in pressure. The negative component of the ultrasonic pressures produces microbubbles though the phenomenon called cavitation (Suslick, 1988 , Mason, 1999 , Kardos and Luche, 2001 ). Because of surface tension, the presence of other bubbles, foreign bodies, and gradients in the pressure waves, each bubble becomes unstable beyond a critical size and eventually collapses violently. As the bubbles collapse, localized temperatures of up to 5000°K are achieved (Flint and Suslick, 1991) . Ultrasound waves in liquid media also produce acoustic streaming, which facilitates the uniform distribution of ultrasound energy within the medium, convection of the liquid and dissipation of any heating that occurs (Faraday, 1831 .
Ultrasonics has been widely used in various biological and chemical applications. Zhang et al. (2005) reported the use of ultrasonic treatment to enhance protein-starch separation for use in the wet-milling industry. Ultrasonics has also been employed to assist in the extraction of resveratrol from grapes (Cho et al., 2005) . Li et al. (2004) utilized ultrasound treatment to enhance oil extraction from soybeans. Wood et al. (1997) , studied ultrasonics to enhance ethanol yield from simultaneous saccharification and fermentation of mixed office paper. They achieved a 20% increase in ethanol yield from their sonicated samples.
Jet cooking, where corn mash is mixed with steam, is one of the energy-intensive steps in a typical dry grind ethanol plant. The goal of this process is to induce starch gelatinization and aid the enzymatic conversion of starch to glucose. The jet cooker uses steam at pressures of 1 MPa(150 psi) and temperatures ranging from 121 to 148 °C. In a state-of-the-art dry milling plant, production of 1 gallon of ethanol requires a thermal energy of 18,147 kJ (17,200 Btu) using natural gas or 33,129 kJ (31,400 Btu) using coal as fuel (EPA-CHP, 2007) . Because approximately 5% of this energy is used for jet cooking, enhancement in the efficiency of this process will result in improvements in the overall energy consumption of ethanol produced from corn.
The use of ultrasound in enzymatic hydrolysis has also been explored extensively. Studies have shown that some enzymes are not deactivated when low ultrasonic power is used (Kardos and Luche, 2001; Barton, et al., 1996) . In a study by Wood et al. (1997) , ultrasonication (pulse mode) was found to increase ethanol yield in the simultaneous saccharification and fermentation (SSF) of mixed waste office paper. Also, the study showed that ultrasonics assisted experiments only require half the amount of enzyme to produce an ethanol yield similar to that produced without sonication. Furthermore, in the field of immobilized enzymes, ultrasonic application has been established to be very effective in increasing the activity of α-chymotrypsin on agarose gel (Ishimori,et al., 1981) . These finding suggests that ultrasonics can be an attractive and cost-effective method to reduce enzyme use in various applications.
Based on these premises, this study will investigate the effects of ultrasonication in the fermentation yield and evaluate its cost effectiveness for a full scale application.
Materials and Methods

Materials
Corn slurry samples were obtained directly from slurry tanks and hydrocookers of Lincolnway Energy, Nevada, IA. Figure 1 shows the schematic diagram of the prefermentation steps in this typical dry grind ethanol plant. Corn kernel is hammer milled then mixed with cooked water, which contain steam, backset, CO 2 scrubber water and recycled process water from evaporator condenser. One-third of the required alpha amylase enzyme is added to the mixture. It is then pumped to the hydro cooker, where it is exposed to steam with temperatures ranging from 121 to 148°C and a pressure of 0.689 MPa (100 psi). The corn slurry will flow to the liquefaction tank where the balance of the alpha amylase necessary is added. This study takes samples from three points in the plant, hammer mill, slurry tank and hydrocooker.
The enzyme used in this study was STARGEN TM 001 (456 granular starch hydrolyzing units in GSHU/g) from Genencor International, a division of DANISCO (Rochester, NY). The composition of the corn was determined using a Near-Infrared (NIR) Infratec TM 1241 Grain Analyzer (FOSS Tecator, Eden Prairie, MN). 
Ultrasonic Continuous Systems
The ultrasonic continuous experiments were conducted using Branson 2000 series benchscale ultrasonic unit (Branson Ultrasonics, Danbury, CT) capable of operating at 3.3 kW and 20 kHz as shown in Figure 3 . Corn slurry samples was pumped from a continuously stirred feed tank to an ultrasonic reactor where the Branson Ultrasonics 'donut" horn was placed ( Figure 3 ). As seen in the figure, the horn vibrates in radial direction. The horn was placed in vertical position inside a closed reaction chamber where fluid flows primarily through its center with some flow around it. The maximum volumetric flow rate of 31 L/min was used in the study. The ultrasonic amplitude was also maintained at 12µm peak-to-peak (p-p) . The average energy density dissipated in the sample for the continuous system is 4.5 kJ/L.
Ultrasonic Batch Systems
Corn slurry samples (50ml) from the slurry tank were mixed with 50ml sterile distilled water and sonicated for 90s at an amplitude of 144µm (p-p) . The batch experiment was conducted in a Branson 2000 Series bench-scale ultrasonic unit (Branson Ultrasonics, Danbury, CT) using a catenoidal horn. The horn was a standard 20 kHz half-wavelength catenoidal titanium with a flat 13 mm diameter face (gain = 1:8). The system has a maximum power output of 2.2 kW and a frequency of 20 kHz. The average ultrasonic density dissipated in the sample was 120kJ/L. 
Simultaneous Saccharification and Fermentation (SSF)
The 48-h simultaneous saccharification and fermentation was carried out in 250ml centrifuge bottle at 32°C shaking at 180 rpm. The experiment was a modified protocol based on NREL Lap 008 (Dowe and Mcmillan, 2008) . The fermentation media contained 10x YP media (100g/L yeast extract, 200g/L peptone) and 1M citrate buffer at pH 4.3 (Dowe and Mcmillan, 2008) . Yeast (Lincolnway Energy, Nevada, IA) was grown in 100ml YP media with 5% glucose. It was incubated for 16h at 32°C.
A reference sample was fermented in parallel with all experiment except the presence of the corn slurry sample. This is done because it is expected that trace amounts of ethanol during propagation period would be produce, which would result in experimental error. In addition, residual glucose in the propagated yeast inoculum would add to the total amount of sugar in the fermentation experiments. In order to account for these experimental errors, the amount of ethanol obtained in the reference sample was deducted to the amount of ethanol produced during SSF experiments.
There were 6 samples used in this study (Table 1) : control, corn slurry, jet cooked, batch ultrasonics, continuous ultrasonics and reference sample. Figure 4 shows the overview of the simultaneous saccharification and fermentation conditions. 
Analytical Methods
During the experiment, 5ml samples were aseptically taken at 0, 6, 12, 18, 24, 48 hours of fermentation. In every sampling period, the fermentation broth was centrifuged at 3000 rpm for 10 minutes to exclude corn particles in the sample. The supernatant was analyzed for reducing sugar , and ethanol concentrations (HPLC: Varian ProStar 210, MetaCarb 87P column with mobile phase of 0.01N Sulfuric Acid, flow rate of 0.6ml/min, column temperature of 80°C and injection volume of 20µl).
All experiments and analytical procedures were conducted in duplicate and triplicate, respectively. Statistical analysis was done using Statistical Analysis Software (SAS) 9.1 for Windows.
Ethanol conversions based on theoretical yields were calculated in Equation 1 assuming a maximum 51.1 g ethanol production per 100 g of glucose consumed by yeast. The initial amount of glucose was based on the starch content of corn. The composition of ground corn was found to be 7.6% protein, 73.1% starch, 2.6% oil and 16.7% moisture. Figure 5 shows the ethanol production and glucose consumption of various fermentation conditions. During the first 6 hours of fermentation, the glucose concentration continued to increase then suddenly dropped to less than 4g/L at the 12 th -h sample signifying the yeast's glucose consumption. Subsequently, ethanol yield only started to increase after 6 hours of fermentation. The first 6 hours is the lag phase or the adaptation period of the yeast. It was observed that the two highest ethanol yields were obtained by the samples sonicated in batch ultrasonics and jet cooked sample: 38.72 g/L and 37.75 g/L, respectively. Similarly, both of these conditions had the highest initial sugar concentration. It is believed that because the energy density of the continuous ultrasonics was 26 times lower than the batch ultrasonics, therefore the continuous system provided lower yield than the batch ultrasonic system. In contrast to the other fermentation samples, the control achieved the lowest ethanol yield. However, it is important to note that even though the initial sugar concentration was low, control still obtained a significant amount of ethanol (27g/L). It is believed that the available sugar produced was immediately consumed by the yeast, thus it wasn't detected between the sampling periods. Figure 6 shows the ethanol conversion based on theoretical yield of the various fermentation conditions conducted in this study. The maximum ethanol theoretical yield obtained was in the range of 44.8 g/L (Control) -64.1 g/L (Jet cooked). For samples sonicated in batch & continuous system, the highest ethanol conversions were 71.2% and 68%, respectively. This calculation was based on the initial starch content of each sample, which varied depending on the batch of samples used. The 48 th hour sample was selected as the completion point of fermentation. After the 24 th hour, the theoretical ethanol conversion of the treated samples (corn slurry, jet cooked, and ultrasonication) decreased.
Results and Discussion
Fermentation Yield
The difference in ethanol conversion between the jet cooked sample and the sonicated samples were 4.7% for the batch and 9.7% for the continuous flow. However, statistical analysis (Pvalue = 0.4113 at 95% confidence) showed no significant difference between the theoretical ethanol conversions of jet cooked and the sonicated samples. Even though the continuous flow ultrasonic system obtained lower ethanol conversion than the jet cooked sample, it is important to note that in a large scale system, more donut horn units will be used in the system. Thus, it is expected that efficiency will be enhanced.
Economic Comparison of Jet Cooking and Ultrasonication
To further investigate the potential use of ultrasonics as pretreatment, a simple economic comparison was conducted. Because continuous ultrasonics system using the donut horn has been used in various large scale applications, it will be the ultrasonic method assumed in this analysis. The economic analysis was based on the biobased economic analysis of Brown (2003) . This economic comparison is limited only to the two pretreatment processes being compared. Table 2 summarizes the assumptions of the economic analysis. Steam and electricity were used to account for the utility costs of jet cooker and ultrasonics, respectively. All assumptions were converted to present (2009) dollar value using inflation index. Because there is insufficient public information on performance of hydrocookers, the values used for hydrocookers were obtained directly from the ethanol plant. The total hydrocooker cost included steam flow control and temperature control. The cost of steam was obtained from Kwiatkowski, et al. (2006) . Difference between two pretreatments 278,002 Table 3 shows the economic comparison of ultrasonics and jet cooking as pretreatment methods. The total capital cost was detailed into two catergories: direct expenses and indirect expenses. "Direct expenses include the purchase price of the equipment, cost of materials required for installation and salary for installation labor" [Error! Bookmark not defined.] while indirect cost were classified as "freight, insurance and taxes; construction overhead and engineering expenses" Brown (2003) .
The total pretreatment cost was the sum of the annual operating cost (C operating ) and annual capital charge (C capital ). Annual capital charge (C capital ) is the cost a company has to pay the bank if a fixed capital cost was secured through a loan with an annual interest rate of 20% over a payment period of 10 years.
Based on the results above, it is seen that the company would save about 278,000 per year if it invested on ultrasonics.
Conclusion
This study was an evaluation of the potential application of ultrasonics as an alternative pretreatment method to jet cooking. There were 5 types of sample considered in the study; control (non-treated), corn slurry (partially treated in the plant), batch ultrasonication, continuous flow ultrasonication and jet cooked (obtained from ethanol plant). Ethanol production was highest at jet cooked, closely followed by the samples sonicated in batch and continuous systems. However, statistical analysis indicated no significant difference between jet cooked and ultrasonciated samples. The samples reached 70% ethanol conversion based on the theoretical ethanol yield. Based on the observation that ultrasonic pretreatment performs as well as conventional jet cooker and the total cost are lower for ultrasonic treatment, it is concluded that ultrasonics can be considered a promising prefermentation treatment for corn ethanol plants.
